The S-layer protein SwmA is required for nonflagellar swimming in marine Synechococcus. An analysis of mutations in seven genes at two loci in the Synechococcus sp. strain WH8102 genome indicates that a multicomponent transporter and glycosyltransferases are required for the production and proper localization of SwmA.
The mechanism of nonflagellar motility by which certain strains of marine Synechococcus swim in the absence of any extracellular organelle remains mysterious. The cell surface itself is predicted to produce thrust (11) , and to date, two cell surface proteins required for swimming have been characterized (7, 14) . SwmA is a 130-kDa glycoprotein that forms a paracrystalline surface layer (S-layer) (16) . Whether the Slayer plays a direct role in motility or a more indirect role, e.g., being required for the proper placement and functioning of other components of the motility apparatus, remains unclear. SwmB is a highly repetitive, 1.12-MDa protein which is also required for motility and is similarly localized near the cell surface where it is arranged in a punctate manner (14) .
Transposon mutagenesis identified three separate chromosomal regions required for swimming motility in Synechococcus sp. strain WH8102 (15) . In addition to the genes coding for SwmA and SwmB, two separate multicomponent ABC transporter genes, several putative glycosyltransferase genes, and various conserved and hypothetical genes of unknown function comprise the remaining genes present in these motility loci (15) . We show here that mutations in several of these open reading frames (ORFs; SYNW0079, SYNW0087 to SYNW0089, and SYNW0192 to SYNW0195) affect the production and cellular localization of SwmA, and in the case of SYNW0087 and SYNW0195, that of a 70-kDa outer membrane protein (OMP).
Mutagenesis. Directed mutagenesis of each putative motility gene identified through transposon mutagenesis reproduced the nonmotile phenotype of the transposon mutant (15) (Fig.  1) . Three additional ORFs present in these loci, SYNW0089, SYNW0194, and SYNW0195, were inactivated by insertional mutagenesis for this work using gene fragments 91118 to 91367, 197115 to 197342, and 198491 to 198714 , respectively (numbering according to genome sequence [18] ), as previously described (6, 15) (Table 1 ). Inactivation of SYNW0089 did not affect motility, while mutations in SYNW0194 and SYNW0195 resulted in a complete loss of motility. As with previously reported mutants (15) , neither of the two new motility mutants described here has been observed to rotate.
Cellular fractionation. Outer membranes and cell surface proteins were released by incubation with EDTA and then separated into two fractions by ultracentrifugation as previously described (7, 14) , resulting in an insoluble outer membrane fraction and a fraction containing both soluble periplasmic proteins and nonintegral outer membrane proteins. These fractions, along with proteins concentrated from spent medium as well as whole cells, were separated on either Novex Tricine 10 to 20% gradient gels (Invitrogen, Carlsbad, CA) for staining with SYPRO Ruby (Sigma, St. Louis, MO) or Nu-PAGE Novex Tris-acetate 3 to 8% gradient gels (Invitrogen) for Western blotting using antisera raised against SwmA as described previously (14) .
Two classes of mutations affect SwmA. All of the motility mutants, with the exception of swmB mutant Swm2, have some defect in either SwmA production or localization. These defects can be grouped into one of the following two classes: mutations that result in no detectable SwmA and mutations that result in altered localization of SwmA. In wild-type strain WH8102, SwmA forms a S-layer, which is released along with the outer membrane by treatment with EDTA and is found predominantly in the soluble fraction. Mutations in ORFs SYNW0192, SYNW0193, and SYNW0194 result in no detectable SwmA in whole cells, any of the membrane fractions, or the spent medium (Fig. 1 ). These ORFs are carried in chromosomal region two, and intergenic spacing (distances between ORFs SYNW0192, SYNW0193, SYNW0194, and SYNW0195, which are Ϫ1, 2, and 5 bp, respectively) suggests that they, along with SYNW0195, are likely to be cotranscribed (15) (Fig. 1) . ORFs SYNW0193 and SYNW0194 are predicted to encode two of the three components of a type I secretion system. Type I secretion systems consist of an ABC transporter, an accessory membrane fusion protein (MFP), and an OMP, which often function with multiple transport systems and are not always linked on the chromosome (1, 13) . SYNW0193 is predicted to encode an ABC transporter (most similar to the protein 1 exporter family 3.A.1.109) (19) , and SYNW0194 is predicted to encode an MFP. Type I secretion systems have been shown to transport allocrites (the molecule or compound transported) possessing a glycine-and aspartic acid-rich repeat motif (3, 5, 10) , which is present in multiple copies in SwmA (7) . Moreover, a number of other S-layer proteins have been shown to be exported by similar type I transport systems (2, 22) . These results suggest that SYNW0193 and SYNW0194 comprise the ABC transporter and MFP, respectively, of a type I secretion system dedicated to exporting SwmA. The observation that no SwmA is found in the spent medium from these strains supports this assertion. It appears that without this transporter, SwmA is not produced at all, as it is not detected in whole cells. It is possible that due to mislocalization or the loss of an interacting or modifying protein, SwmA is produced but is unstable and consequently not detected. Inactivation of SYNW0192 also results in the total absence of SwmA in strain S0192. While this may be due to polar effects on downstream ORFs, the encoded product of SYNW0192 has weak similarity to peptidyl-prolyl isomerases (15) , which have been implicated in maturation of OMPs (4) possible for Synechococcus sp. strain WH8102, and hence, at this point it is difficult to separate the requirement for each gene from polar effects. Nevertheless, given that the phenotypes of S0194 and S0195 (see below and Fig. 1 ) are distinct, it appears that S0194 is required for SwmA production and S0195 for localization. A second class of mutations (in ORFs SYNW0079, SYNW0087, SYNW0088, and SYNW0195) affects SwmA localization. Strains with these mutations still produce SwmA, although it is largely undetectable in whole cells or the membrane fractions. Instead, SwmA accumulates in the medium at concentrations similar to those of the wild type. Moreover, using a polyclonal anti-SwmA antibody, Western analyses of these four strains reveal both an anti-SwmA reactive band of wild-type size as well as two smaller bands (approximately 108 kDa and 94 kDa) (Fig. 1) . These smaller bands are never seen in Western analysis of the wild-type strain or SwmB mutant strain Swm2, indicating that they are unlikely to be nonspecific proteolytic products. Three of the four mutations resulting in this phenotype are in genes predicted to encode glycosyltransferases (SYNW0087, SYNW0088, and SYNW0195; SYNW0079 is a conserved hypothetical), suggesting a role in the modification of SwmA, a protein which is known to be glycosylated (7) . The predicted molecular mass of SwmA is 81.3 kDa, while the mature, posttranslationally modified protein has an apparent molecular mass of 130 kDa (7). The two additional bands detected by Western analysis may represent either unglycosylated or partially glycosylated forms of SwmA. Although these predicted glycosyltransferases can be assigned to glycosyltransferase protein families 2 and 4 based on sequence homology (8) , these families are general classifications and include many enzymes involved in cell envelope biogenesis. Thus, determining whether any would act directly on SwmA is not possible based solely on sequence information. Moreover, glycosylation of bacterial proteins, and particularly the well-studied S-layer glycoproteins, is highly diverse in terms of glycan type, linkage, and sugar composition (20, 21) . Nevertheless, these strains are still able to produce SwmA positive for glycosylation by periodic acid-Schiff staining (data not shown) and with electrophoretic mobility equivalent to that of the wild type. While SwmA appears to still be glycosylated in these mutants, it is possible that some undetermined defect in this posttranslational modification results in aberrant attachment of the S-layer to the cell and a loss of motility. Future experiments analyzing the carbohydrate composition of SwmA from the wild type and mutants should provide insights into this question.
Mutations affecting other cell surface proteins. In addition to the effects on SwmA, one other abundant component of the outer membrane appears greatly reduced or absent in two mutants. While all of the mutants analyzed here continue to produce the other major cell surface protein implicated in swimming motility, SwmB (14 and data not shown), a previously identified 70-kDa glycoprotein which is found in abundance in both cell surface fractions and spent medium of wildtype cultures (7, 14) , appears absent in strains SYNW0087 and SYNW0195 (Fig. 2) . As mentioned above, ORFs SYNW0087 and SYNW0195 are both predicted to encode glycosyltransferases. It is tempting to speculate that the proteins encoded by these genes participate in the glycosylation of the 70-kDa glycoprotein. Perhaps the 70-kDa protein is not present at all in these cellular fractions or is not glycosylated, as it is in wildtype cells, resulting in a shift of electrophoretic mobility. SwmA also appears to have defective glycosylation in these strains, and perhaps sugar moieties are transferred to both proteins by these predicted glycosyltransferases. Alternatively, the 70-kDa glycoprotein may require other components of the cell to be properly modified before it can be properly localized itself. Whether the 70-kDa protein is required for motility remains to be determined, as efforts to inactivate the gene encoding it have so far been unsuccessful, suggesting it may be essential. 
